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We show that the correction to the Paschos-Wolfenstein relation associated with charge symmetry violation
in the valence quark distributions is essentially model independent. It is proportional to a ratio of quark
momenta that is independent of Q2. This result provides a natural explanation of the surprisingly good
agreement found between our earlier estimates within several different models. When applied to the recent
NuTeV measurement, this effect significantly reduces the discrepancy with other determinations of the Wein-
berg angle.
DOI: 10.1103/PhysRevD.67.111901 PACS number~s!: 11.30.Hv, 12.15.Mm, 12.38.Qk, 13.15.1gIn 1973, Paschos and Wolfenstein @1# derived an expres-
sion using the ratio of neutral-current and charge-changing














In Eq. ~1!, ^sNC
nN0& and ^sCC
nN0& are, respectively, the neutral-
current and charged-current inclusive, total cross sections for
neutrinos on an isoscalar target. The quantity r0
[M W /(M Zcos uW) is one in the standard model. From this
ratio, one can obtain an independent measurement of the
Weinberg angle (sin2uW).
The NuTeV group recently measured neutrino charged-
current and neutral-current cross sections on iron @2#. From
the ratios of these cross sections for neutrinos and anti-
neutrinos they extracted sin2uW50.227760.0013 (stat)
60.0009 (syst). This value is three standard deviations
above the measured fit to other electroweak processes,
sin2uW50.222760.00037 @3#. The discrepancy between the
NuTeV measurement and the determination of the Weinberg
angle from electromagnetic measurements is surprisingly
large, and it may be evidence of physics beyond the standard
model.
As the NuTeV experiment did not strictly involve the
Paschos-Wolfenstein relation, Eq. ~1!, there are a number of
additional corrections that need to be considered, such as
differences in shadowing for photons, W6 and Z0’s @4#,
asymmetries in s and s¯ distributions @5# and so on—Ref. @6#
summarizes corrections to the NuTeV result from within and
outside the standard model. In addition, Eq. ~1! is valid only
for an isoscalar target and it is based upon the assumption of
*Electronic address: tlonderg@indiana.edu
†Electronic address: athomas@physics.adelaide.edu.au0556-2821/2003/67~11!/111901~3!/$20.00 67 1119charge symmetry. There is thus a premium on knowing the
corrections as accurately as possible.
Let us first review the corrections due to the fact that N
ÞZ for the iron target. The corrections take the form @6#

























xqv~x !dx . ~3!
The additional QCD radiative term in Eq. ~2! was calculated
by Davidson et al., Ref. @6#; it is quite small at the Q2 for the
NuTeV experiment. The final term in Eq. ~2! involves the
ratio of momentum carried by up and down valence quarks.
Since both the numerator and the denominator involve the
same moments of QCD non-singlet parton distributions, they
evolve identically, so this ratio can be evaluated at any con-
venient value of Q2. Using the CTEQ3D parton distributions
@7# in Eq. ~2!, one obtains dRI520.0126. The NuTeV group
has emphasized @2,8# that they do not actually measure the
Paschos-Wolfenstein ratio, but instead combine separate
measurements of ratios of neutral to charged-current cross
sections for neutrinos and anti-neutrinos with a full Monte
Carlo simulation of their experiment. Using their simulation,
the NuTeV group reports an isoscalar correction of
20.0080. This represents a 36% reduction from the Paschos-
Wolfenstein correction, and the NuTeV group cited a very
small error for this correction @9#. Kulagin @10# claimed that
the uncertainty in this correction is likely to be considerably©2003 The American Physical Society01-1
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carried by up and down valence quarks, and according to
Davidson et al. @6#, these quantities are known rather accu-
rately.
Davidson et al. @6# noted that, although charge symmetry
violating ~CSV! corrections are likely to be small, these ef-
fects could in principle generate a substantial correction to
the NuTeV result. Recently, we calculated CSV contributions
to the NuTeV experiment arising from the small difference of
u and d quark masses @11#. Following earlier work on CSV
in parton distributions @12,13#, our method involved calcu-
lating CSV distributions at a low momentum scale, and using
QCD evolution to generate the CSV distributions at the Q2
values appropriate for the NuTeV experiment. We obtained a
CSV correction to the NuTeV result DRCSV;20.0015. The
NuTeV group also reported an estimate of the CSV parton
distributions, using a rather different procedure @8#; they ob-
tained a much smaller correction than ours, DRCSV;
10.0001. The large discrepancy between these two results
suggested that the CSV correction might be strongly depen-
dent on the starting scale, Q02, the phenomenological valence
parton distribution chosen, or other details of the calculation.
Here, we will demonstrate that one can obtain firm pre-
dictions for the CSV corrections, and that the CSV contribu-
tions to the Paschos-Wolfenstein ratio are essentially model
independent. The charge symmetry violating contribution to
the Paschos-Wolfenstein ratio has the form








n~x !, duv~x !5uv
p~x !2dv
n~x !. ~5!
The denominator in the final term in Eq. ~4! gives the total
momentum carried by up and down valence quarks, while
the numerator gives the charge symmetry violating momen-
tum difference, e.g., dUv is the total momentum carried by
up quarks in the proton minus the momentum of down
quarks in the neutron. As for the isoscalar correction, this
ratio is completely independent of Q2 and can be evaluated
at any convenient value of Q2.
In our paper @11# we used an analytic approximation to
the charge symmetry violating valence parton distributions













M S 2 ddx @xuv~x !#1 ddx uv~x ! D . ~6!
In Eq. ~6!, M is the average nucleon mass, dM51.3 MeV is
the neutron-proton mass difference, and dm5md2mu11190;4 MeV is the down-up quark mass difference. Equation ~6!
is valid for a low scale, Q02, appropriate for a ~valence domi-
nated! quark or bag model @14#.
Sather’s approximation allows us to evaluate directly the




















The second line of Eq. ~7! is obtained by integrating by parts,
using the fact that there is one down valence quark in the






xS 2 ddx @xuv~x !#1 ddx uv~x ! D dx
5
dM
M S E01xuv~x !dx2E01uv~x !dx D
5
dM
M ~Uv22 !. ~8!
Using Sather’s approximation relating CSV distributions
to valence quark distributions, Eqs. ~7! and ~8! show that the
CSV correction to the Paschos-Wolfenstein ratio depends
only on the fraction of the nucleon momentum carried by up
and down valence quarks. At no point do we have to calcu-
late specific CSV distributions. At the bag model scale, Q02
’0.5 GeV2, the momentum fraction carried by down va-
lence quarks, Dv , is between 0.2 and 0.33, and the total
momentum fraction carried by valence quarks is Uv1Dv
; .80. From Eqs. ~7! and ~8! this gives dDv’0.00463,
dUv’20.00203. Consequently, evaluated at the quark








Once the CSV correction has been calculated at some quark
model scale, Q02, the ratio appearing in Eq. ~4! is indepen-
dent of Q2 because both the numerator and the denominator
involve the same moment of non-singlet distributions @in Eq.
~9! we have dropped the QCD radiative correction, which is
very small at the Q2 appropriate to the NuTeV measure-
ments#.
We stress that both Eqs. ~7! and ~8! are only weakly de-
pendent on the choice of quark model scale—through the
momentum fractions Dv and Uv , which are slowly varying
functions of Q02, and are not the dominant terms in those1-2
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Paschos-Wolfenstein ratio, Eq. ~4!, under QCD evolution,
explains why our previous results, obtained with different
models at different Q2 values @11#, were so similar. For ex-
ample, the result of Eq. ~9! DRCSV520.00203, at Q02
50.5 GeV2, is virtually identical with results using the
Rodionov CSV distribution (20.0020) and the Sather CSV
distribution (20.0021), at Q2510 and 12.6 GeV2, respec-
tively. Using Eqs. ~7! and ~8!, we also calculated a CSV
distribution using the CTEQ4LQ phenomenological parton
distribution @15# at Q250.49 GeV2, evolved this to
20 GeV2, and obtained DRCSV520.0021 @16#.
Cao and Signal @5# point out some limitations of Sather’s
approximation, Eq. ~6!. However, we have compared dUv
2dDv obtained by Sather @12#, and by Rodionov et al. @13#,
who did not use Sather’s approximation, and they differ by
only a few percent.
As noted earlier, the NuTeV group @2,8# do not measure
the Paschos-Wolfenstein ratio, but combine separate mea-
surements of neutrinos and anti-neutrinos with a Monte
Carlo simulation of their experiment. They have produced
functionals giving the sensitivity of their observables to vari-
ous effects, including parton charge symmetry violation.




F@E,d;x#d~x !dx . ~10!
Equation ~10! gives the change in the extracted quantity E
resulting from the symmetry violating quantity d(x). The
functionals appropriate for the observable sin2uW and the par-
ton CSV distributions were provided in Ref. @8#.11190In our previous paper we found that including the NuTeV
functional with evolved distributions decreased the CSV cor-
rection by about 33% from the Paschos-Wolfenstein result.
This is very similar to the 36% reduction obtained by NuTeV
for the isoscalar correction. After applying this reduction, the
CSV correction to the NuTeV experiment is 20.0015. When
the NuTeV measurement is adjusted accordingly, the dis-
agreement between the NuTeV and electromagnetic results
for sin2uW is reduced from 0.0050 to 0.0035—a 30% de-
crease in that discrepancy.
In conclusion, we have a robust prediction for the CSV
contribution to the Paschos-Wolfenstein ratio, and also to the
NuTeV measurement of the Weinberg angle. The Sather ap-
proximation allows us to write integrals of xdqv in terms of
the total momentum carried by valence quarks. These inte-
grals can be calculated without ever specifying the CSV dis-
tributions. The Paschos-Wolfenstein ratio involves ratios of
integrals that behave identically under QCD evolution, so
these ratios are independent of Q2. Despite the fact that par-
ton charge symmetry violation has not been directly mea-
sured experimentally, and that parton CSV effects are pre-
dicted to be quite small, we have strong theoretical
arguments regarding both the sign and magnitude of these
corrections. The CSV effects should make a significant con-
tribution to the value for the Weinberg angle extracted from
the NuTeV neutrino measurements.
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